Abstract: Reservoir gas treatment technologies currently in use require significant investments in equipment and materials. Considering the foregoing, new technologies are sought for treatment and separation of components of extracted gas. They will guarantee compliance with gas quality requirements arising from applicable standards while at the same time lowering the costs of investment, service and environmental protection. Therefore, the purpose of this work was to develop an efficient mobile technology for natural gas treatment, on the basis of advanced filtering and coalescing materials and membranes, which eliminate the existing, economically non-viable processes and reduce the costs related to development of new reservoirs. The purpose of designed materials was removal of solid particles, water, higher hydrocarbons and nitrogen from natural gas. Presented integrated filtration and membrane system, characterized by a highly compact design enabling installation in container stations and transporting the system between specific points of production.
Introduction
Over 2.5 trillion cubic meters of natural gas is produced worldwide every year. The United States are the leader in this production, followed closely by Russia. These two countries account for over 1/3 of overall natural gas mining globally. Gas mining in Poland in 2016 ranges around 3.9 billion cubic meters, which constitutes 0.11% of global production output and 1.56% of the output of the European Union [1] . It should be emphasized, however, that this rank may change as a consequence of production of shale gas. Composition of natural gas varies depending on the point of intake and does not vary greatly in terms of type of contaminants [2] . It is mainly composed of methane, CH 4 (70-90%), as well as higher hydrocarbons (ethane, propane, butane and higher), in proportions that may reach even several percent. In addition, this gas contains significant quantities of water, carbon dioxide, hydrogen sulfide, nitrogen, and solid particles (sand, debris, rust). The Polish Standard PN-C-04753:2011 [3] sets out the maximum values of contaminant contents in gas injected to gas systems. The natural gases transmitted via the gas network should not consist excessive contents of dust, hydrogen sulfide, steam which can cause damage of gas pipeline materials (erosion, abrasion and corrosion). Their occurrence leading to deterioration of flow capacity in gas pipelines as a result of steam condensation, hydrocarbon condensation, hydrate formation and dust deposition. Moreover, there should be no gas explosion hazard, for which reason higher hydrocarbons need to be removed. There are also other reasons necessitating removal of methane contaminating components from natural gas, namely to increase the heating value of gas through nitrogen separation, and to reduce the volume of transmitted gas and therefore the costs of transmission.
Thus, natural gas produced from wells requires treatment, which mainly includes removal of solid particles, moisture, heavy hydrocarbons, nitrogen. Contemporary technologies require major investments in equipment, materials and energy. The most commonly applied solution in industry practice is mechanical separation of liquid and solid particles from gas flows with various types of equipment, such as gravity separators or centrifugal separators. The review of the conventional and unconventional natural gas treatment technologies are presented in works by Alcheikhhamdon and Hoorfar [4] and Rufford et al. [5] . The need to eliminate the problems i.e. large system size, causing high investment costs, gas drying technology with the use of glycol, currently faced by the production industry, leads to the necessity of developing new natural gas treatment systems.
Therefore, the purpose of this work was to develop innovative material solutions (coalescing filters and membranes) to build natural gas treatment systems that are smaller, more energy efficient and environmentally friendly than the existing options, which will also be possibly mobile. Such stations could be used for many years on various natural gas sources.
Membranes for drying natural gas, removing heavy hydrocarbon and nitrogen
Industrial acceptance for membranes in gas separation processes is getting higher. Membranes are considering in such processes as biogas upgrading, natural gas sweetening, air components separation, air and natural gas dehydrating [6, 7] . They are also used in the treatment of water containing various micropollutants for drinking and industrial purposes [8] .
Membrane techniques are currently an innovation in designing natural gas treatment apparatus [9] . These techniques account for only less than 5% of the market of such apparatus, which is worth about 5 billion US dollars yearly, and the vast majority of solutions are focused on eliminating carbon dioxide only [10, 11] . The remaining areas of natural gas treatment, i.e. removal of water, higher hydrocarbons and inert gases with the use of membrane techniques are not fully investigated or developed. In this work the semi-permeable membranes were applied for dehydration of natural gas. They were designed and produced especially for this purpose. This solution enables elimination of glycol absorbers from the process line and a major reduction of sizes of a dehydration system. The production industry pins its high hopes on nitrogen removal with gas separation membranes.
In the subject of membrane techniques, the Authors' own membranes have been prepared. Polypropylene capillary membranes have been used as a support layer for a dense separation layer. Dense layers have been obtained with the dip coating method [12, 13] . In membranes for gas dewatering, the dense separation layer has been made from a solution of copolymer Pebax 1074 and the silica nanoparticles of different sizes. For membrane preparation, various concentrations of the polymer in the solvent and various concentrations of nanoparticles in the polymer have been used. Depending on the composition of the separation layer, such layers had varying thickness in the range of 9 to about 100 microns. Membrane thickness depends on such parameters as polymer solution viscosity and surface tension as well as on withdrawal velocity. We have used solutions whose viscosity was in the range 30-300 mPa · s and their surface tension: 20-22 mN/m. The withdrawal velocity has been regulated in the range 0-1000 mm/min. The structure of the manufactured membranes has been evaluated using an electron microscope. Figure 1 shows examples of such membranes. It should be noted that the repeatability and quality of our own membranes is very high. Their coatings are very uniform along the length of the membranes.
The membrane modules used in tests have been built with 10 capillaries with the length of 1 m. Studies carried out for the natural gas dewatering were widely presented in the previous paper [14] . In general, 80% efficiency of water removal has been obtained. It has been done for mixture of methane and water as well as for natural gas from a real well. In order to remove heavy hydrocarbons and nitrogen, a new type of membranes has been proposed. They have been manufactured from the suspension of zeolite A4 in the solution of copolymer Pebax 2533 in 2-butanol. A series of various modifications that differ in the concentration of polymer in the solution and the concentration of zeolite in the suspension has been examined.
In the first stage of the studies, the thickness of the selective layer of the capillary was assessed. The purpose of the modification was to obtain the lowest thickness possible, while providing continuity of the layer on the whole surface. The main influence on the thickness and continuity of the layer was exerted by a selective concentration of the polymer solution. With the increasing polymer solution's concentration, the selective layer's thickness also increased. The obtained layers had an average thickness from 4.63 microns to 32.24 microns. Additionally, it has been noted that for a given amount of polymer in the solution, the introduction of larger amounts of the zeolite results in an increase in layer thickness.
Separation properties of the prepared modules have been tested for pure gases: carbon dioxide, nitrogen and methane. The permeate flow has been measured for different pressures. Exemplary results for the selected membrane are shown in Table 1 . On this basis, permeability coefficients and ideal separation factors have been calculated.
Analyzing the obtained research results (Table 1) , it can be stated that, in general, the introduction of nanoparticles into the polymer structure improves the separation properties of the membrane. However, an increase in selectivity results in a decrease in permeability. Comparing data collected in Tables 1 and 2 , it can be stated that the presence of PEO in the polymer solution improves the membrane properties.
In Table 3 comparison of experimental work for laboratory N 2 /CH 4 mixture and for natural gas was presented, where x N is a molar fraction of component in feed, and x P is a molar fraction in permeate. It can be observed that methane enrichment in permeate was higher for laboratory gas mixture than for natural gas. Natural gas contains not only nitrogen and methane, but also a lot of other components [15, 16] . Mutual competition for permeation through the membrane of all the components in natural gas can be the reason of such differences [17, 18] . Moreover, in natural gas contains water vapor. In this case water vapor permeates through the membrane and it can change the permeability of the membrane for the other components of natural gas. It should be mentioned that water vapor permeability is several thousand times higher than methane or nitrogen permeability [19] . So water vapor can limit the permeation for other components of natural gas.
Fibrous filters for the removal of solid particles and droplets from gas
As regards fibrous filters, they are already used in treatment of natural gas [20, 21] . However, the filters available on the market are all-purpose materials with all their advantages and disadvantages. The materials developed during this work have an advantage over these commercial ones because they are designed and manufactured for a specific purpose. Fibrous filtration cartridges which are currently manufactured are designed for removal of solid particles only or liquid droplets only (coalescing filter packs). Most of the published research results, both concerning experimental and theoretical studies, relate to removal of solid particles or of droplets only. However, in the case of natural gas, it is necessary to handle both solid particles and droplets of water appearing simultaneously, which need to be removed in a single separating structure. It seems obvious that for simultaneous deposition of droplets and solid particles in a filter, mutual interactions of these particles should be expected, namely the presence of liquid (droplets) affects solid deposit structures, while the presence of solid particles impacts the wettability of fibers by droplets. The research conducted within this work allow us to describe these relationships fully, thus opening the path to designing filters operating in an optimized manner in dynamic conditions. In order to describe the changes in efficiency as a result of loading with solid and liquid particles the approaches presented in works by Thomas et al. [22] , Frising et al. [23] and Kasper et al. [24] were used to build our own mixed aerosol filtration model. On the other hand, the change of filtration efficiency as an effect of pre-coated of fibers with oil has been also reported [25, 26] . The same effect is expected to be observed when such a "pre-coating" is not an effect of deliberate action but the presence of oil droplets in treated gas.
Procedure of modeling of dynamics of consecutive filtration (first solid then liquid particles) is as follows. First part of the simulation (filtration of solid aerosols) shows the growth of filtration efficiency due to dendrite-like deposits formation. According to idea presented by Thomas et al. [22] , these deposits may be considered as additive fibers with diameter equal to mean particle diameter. That leads to decrease of porosity and change of mean fiber diameter. This effect has been also observed elsewhere [27] . While filtration of liquid aerosol starts, some of particles being a part of deposits are covered with thin liquid film. That leads to appearance of capillary [28] and liquid bridging forces [29] and thus to reorganization (collapse) of deposits and, finally, to change the efficiency of filters. Procedure and results of simulation has been presented in details in work by Gac et al. [30] .
Fibrous filters were manufactured by us from polypropylene using the melt-blown technique. We developed a modified technology based on the molten polymer which allows us to produce filters with assumed structure composed of fibers with various diameters from nanometer to micrometer in size [31, 32] . It enables formation of a filter structure for a particular purpose, for a specific type of pollutants. Additionally, the rate of fiber production with this method is much higher than for other techniques, i.e. electrospinning. This is very important from the point of view of the application of this method to industrial scale production. The quality of the designed media involves spatial inhomogeneity (gradient filters), followed by extended life and higher efficiency of the filter. Adding the peroxides to the polymer we were able to get a very thin fibers, which were incorporated to the final gradient material [32] . All filters considered in present work were composed of three layers (Fig. 2) , characterized by different porosity and mean fiber diameter. The structural parameters of the individual layers forming the gradient structure are given in Table 4 . The fiber size distribution of each layer (mean fiber diameter and standard deviation) was determined on the basis of photos taken under scanning electron microscope (Hitachi TM-1000). Fifty images of each filter layer were analyzed and using tools of the Acrobat Professional program one hundred fiber diameters were measured.
All the newly formed structures were tested using highly advanced test benches from PALAS GmbH company (described in details in works by Gac et al. [30] and Jackiewicz et al. [33] ) to examine both the filtration of solid particles and droplets of different diameter from nano to micrometer. The main parameters of fibrous filters, such as pressure drop and separation efficiency while loading filters with solid and liquid particles, were examined. The directions for the design of gradient structures came from studies of multilayers systems composed of three various materials arranged in different configurations. Figure 3 shows the relationship between filtration efficiency as a function of droplet diameter, where efficiency is defined as the number of droplets deposited on the fibers to the number of droplets in the stream before the filter (in the feed stream). In the case of droplets removal from gas the worst long-term performance had filter, wherein the nano-layer was located at the end, which is caused by droplets easier re-entrainment from this layer (see Fig. 3b ) while the initial efficiency of all the investigated filters is nearly the same (Fig. 3a) . The signature of re-entrainment is an apparent decrease of efficiency of removal of the biggest droplet what is observed for filters f10-f5-nano and f10-nano-f5. In fact, the droplets with diameter greater than 5 µm and observed downstream are those which has been re-entrained from the fibers. The least susceptible to resuspension and therefore most efficient in droplets filtration have these filters, which last layer was composed of microfibers -as evidenced by the lack of large droplets in the air flow downstream of the filter. In fact, in our previous works we have proven both experimentally and numerically that the intensity of re-entrainment is decreasing function of mean fiber diameter so this phenomenon is nearly absent for filters ending with f10 layer and is clearly observed for filters ending with f5 or nano layer. For the last one, re-entrainment may appear also for droplets much less than 5 µm, leading to additional decrease of observed filtration efficiency. a) b) Fig. 3 . Filtration efficiency of removal droplets from gas for four various gradient structures (composed of layers described in Table 4 ): a) at the beginning of the filtration process and b) upon reaching a pressure drop of 4.5 kPa
In the case of solid particles filtration filters having on the top layer of fibers with diameters in the nanoscale were characterized by rapidly increasing pressure drop (surface filtration) (Fig. 4) . However, in materials that had a thicker fiber on the top pressure drop increased slower (depth filtration). Taking into account separation of both types of particles the optimal arrangement proved to be the following system: microfibers f10 (fibers diameter around 10 micrometer) -nanofibers -microfibers f5 (fibers diameter around 5 micrometers) (see Figs. 3-5) , which was characterized by slowly increasing pressure drop, combined with high filtration efficiency, high dust capacity and lack of resuspension effect.
Integrated system for natural gas treatment
During this work a high-pressure installation for natural gas treatment was performed. It consists of three detachable modules: module of gas humidification (Fig. 6a) , module for testing fibrous filters (Fig. 6b) and module for testing membranes (Fig. 6c) . Each of these modules can be operated independently (separably) and as part of a series of processing. In these modules the materials developed within this work, i.e. membranes and coalescer filters, were applied. In the first stage the raw gas is humidified to a suitable water vapor content of the gas, then is pre-purified via fibrous filters (droplets and solids) and ultimately is directed to membranes for removing heavy hydrocarbon and nitrogen. Each module also allows direct connection of the gas chromatograph in order to perform measurements of the gas composition of individual streams during the experiment. The installation has been designed to allow you to work with explosive gases (e.g. methane). In order to ensure safety the system is protected by a stationary measure methane concentration and is also equipped with a portable methane detector, in order to periodically check the tightness of connections.
Conclusions
The scope of this work involved an analysis of natural gas treatment technology improvement options, development of new solutions and investigation of such new solutions. The new separation materials were designed and produced for this purpose. Results of research in the subject of membrane processes show that a new type of membranes for natural gas treatment has been developed. They can effectively remove the water from the stream of natural gas. Even 80% of water could be removed from the gas. In the subject of nitrogen removal, the obtained membranes are comparable to commercially available membranes. The obtained results for Pebax membranes are quite similar to the membranes obtained by Bondar et al. [34] . However, these membranes are characterized by quite good properties in CO 2 and CH 4 separation. As regards fibrous filters a gradient material, which effectively separates particles and droplets from the gas, working long, was successfully developed. Base on the melted polymer technology we can design a filter for a specific gas composition. During this work it was possible to simplify the technology and to make treatment system mobile with the use of fibrous filters and membranes, with modular and highly compact design.
